Introduction
============

MicroRNAs (miRNAs) comprise a group of short non-coding RNAs that mediate post-transcriptional gene silencing. Since the first miRNA was reported in 1993 [@B1], considerable interest has focused on the development of miRNAs as biomarkers for diverse molecular diagnostic applications, including in numerous solid tumors [@B2], [@B3], cardiovascular and autoimmune diseases [@B4], and forensics [@B5]. miRNAs can be detected in diverse specimen types including plasma, urine, and formalin-fixed tissue blocks, while detection of miRNAs in live cells serves as the foundational tenet in understanding related applications in various aspects of cell biology, disease pathophysiology, drug discovery, medical diagnostics, and therapeutics [@B7], [@B8].

Fluorescent quantitative polymerase chain reaction, microarray hybridization, and two-stage isothermal amplification assay [@B9]-[@B12] are techniques commonly used for miRNA detection; however, these methods require killing of cells or extraction of miRNAs from cells before measurement and are unable to capture miRNAs in real time, in their actual locality, and with high precision. Recently, several intracellular nanoprobes for sensing RNA have been reported; these nanoprobes include fluorescence resonance energy transfer (FRET)-based nanoflares and nanobeacons, self-assembled gold nanoparticles (Au-NPs) and upconversion NPs [@B13]-[@B15], nature-inspired nanosnail nucleic acid sensor [@B8], electrostatic DNA nano-assembly-based hybridization chain reaction, and core-shell nanoprobes [@B16]-[@B18]. However, these probes have only focused on imaging or quantifiable detection of RNA in live cells and paid little attention to the specificity of the nanosensors [@B19]-[@B21]. DNA hybridization loosely follows the Watson-Crick pairing rules [@B22]. DNAs or RNAs feature the potential to pair with detection probes having one or several mismatches. False-positive signals can also be amplified in various signal amplification methods. Although hybridization near the melting temperature or chemical denaturation [@B23], [@B24] are often used to improve specificity of nucleic acid hybridization, this procedure manifests fluctuating feasibility, especially for reactions in live cells.

Recently, rationally designed "toehold exchange" probes have been known as mismatch-sensitive recognition probes [@B25], [@B26]. Double-stranded probes were designed to hybridize spontaneously with a single-stranded nucleic acid that proceeds approximately in thermodynamic equilibrium (ΔG^0^ ≈ 0), at which small thermodynamic changes caused by base mismatch exert significant effect on hybridization yield [@B27], [@B28]. Based on this promising property, the thermodynamic-based double-stranded probes can sense nucleic acids with high specificity across diverse conditions (such as temperature or salinity). However, when applied for detection of intracellular miRNA, its usage is still hindered by some limitations, such as the inability to pass through the cell membrane [@B29] and degradation by intracellular enzymes, which can lead to false positive signals [@B30], [@B31].

Nucleic acid-modified Au-NPs have been widely used in diagnosis of diseases [@B32]-[@B35]. In this study, DNA tetrahedral nanostructures (TDNs), mismatch-sensitive recognition probes, and Au-NPs (20 ± 3 nm)-based nanosensors (Au-TDNNs) were constructed for intracellular miRNA detection. TDNs were selected as sensor carriers because of their comparable cellular uptake efficiency with lipid-based transfection reagents [@B36]-[@B38]. Fluorescent dye-labeled double-stranded probes were elaborately designed based on thermodynamics to achieve specific and precise measurement of miR-21 in live cells. Au-NPs were selected as fluorescence acceptors owing to their excellent ability for fluorescence quenching and large surface area for the immobilization of double-stranded probes and TDNs. The ratio of detection probes and TDNs was estimated at 27:1. Chemically synthesized DNA of miR-21 (target) was used to test the in vitro performance of the nanosensors. These well-prepared nanosensors were proved to possess a high-discrimination factor (DF) in detection of single-base mismatch targets. The nanosensors possessed an ability for miR-21 detection in cell extracts of MCF-7 cell lines. In addition, the phosphorothioate-modified nanosensors displayed good stability against enzymatic degradation, and had low false-positive signals. When MCF-7 cell lines were used as in vitro models, the nanosensors displayed an excellent ability to transfect cells. Further, the feasibility of the proposed strategy was also confirmed using hepatocyte cancer cells (HepG2). Thus, we achieved accurate detection of miR-21 in live cells.

Materials and methods
=====================

Materials
---------

Chloroauric acid (HAuCl4·3H~2~O) and tri (2-carboxyethyl) phosphine hydrochloride (TCEP) were obtained from Aladdin (Shanghai, China). Human DNase I and exonuclease III originated from Sangon Biotechnology Co., Ltd (Shanghai, China). All other reagents were of analytical reagent grade and used without further purification. Ultra-pure water (Milli-Q 18.2 MΩ, Millipore System Inc.) was used for all experiments. All oligonucleotide sequences were synthesized and high-performance liquid chromatography-purified by Sangon Biotechnology Co., Ltd (Shanghai, China) and used without further purification.

Preparation of Au-TDNNs
-----------------------

A two-step synthesis method was employed to synthesize Au-TDNNs according to a previously reported method with minor modification [@B39]. Briefly, 10 µM thiolated ExP1 and 10 µM thiolated S2 were mixed in a NaOH-treated centrifuge tube at a ratio of 24:1, with a total volume of 100 µL. Then, the mixture was activated by 10 µL of 10 mM TCEP at room temperature for 1 h. Afterward, 1 mL of Au-NPs (the synthesis procedure of Au-NPs is supplied in [supplementary material](#SM0){ref-type="supplementary-material"}) were added and incubated at 4 °C for 12 h. After incubation, 20 µL of 1% sodium dodecyl sulfate was added to stabilize Au-NPs with shaking at room temperature for 1 h. Next, the mixture was aged for another 12 h by slowly adding 100 μL of 0.5 M NaCl solution. The solution was then centrifuged at 16,500 rcf for 20 min. The wine-red Au-NPs\@ExP1S2 precipitate was washed thrice by centrifugation with 0.01 M phosphate buffer solution (PBS, pH 7.4; Figure [S3](#SM0){ref-type="supplementary-material"}). Afterward, 10 µM fluorescent dye-labeled detection probes P2, S1, S3, and S4 were added to the Au-NPs\@ExP1S2 with a ratio of 27:1:1:1 and incubated at 37 °C for at least 2 h. To remove excess reagents, the wine-red Au-TDNNs precipitate was washed thrice by centrifugation with PBS and then resuspended in PBS for future use.

Characterization of Au-TDNNs
----------------------------

Au-NPs, TDNs, Au-TDNs, and Au-TDNNs were characterized using transmission electron microscopy (TEM), high-resolution TEM, polyacrylamide gel electrophoresis (PAGE), dynamic light scattering (DLS), and zeta potential analysis. PAGE gel analysis for TDNs was conducted using a 12% nondenaturing polyacrylamide gel in tris-borate-ethylenediaminetetraacetic acid buffer. The gel was run at a constant voltage of 120 V for 1 h. DLS and zeta potential analysis were employed to monitor the hydrodynamic size and potential of step-by-step assembly of the Au-NPs. Briefly, 100 µL (for zeta potential analysis) and 3 mL (for hydrodynamic size analysis) of proper concentrations of newly prepared samples were determined using a zeta potential analyzer (Malvern, Zeta, Worcestershire, UK).

Response of Au-TDNNs to target *in vitro*
-----------------------------------------

The detection ability of Au-TDNNs for the target was determined using an Agilent fluorescence analyzer. FAM fluorescence signal was determined at excitation and emission wavelengths of 480 nm and 520 nm, respectively. For fluorescence studies, the concentration of Au-TDNNs used measured 2 nM in PBS (pH 7.4). For feasibility analysis of the Au-TDNNs, 50 µL target and miR-200b were added to 150 µL Au-TDNNs solution at a final DNA concentration of 50 nM.

To determine the sensitivity of the nanosensors in vitro, Au-TDNNs in PBS were spiked with different concentrations of target (0, 0.5, 1, 2.5, 10, 25, 40, 50, 80, 100, and 250 nM). After incubation for 30 min at 37 °C, fluorescence signals were monitored.

Enzymatic resistance of Au-TDNNs
--------------------------------

Digestion of the two groups of phosphorothioate-protected Au-TDNNs was probed using the Agilent Cary Eclipse to detect generation of nonspecific FAM fluorescence signals. For both human DNase I (Thermo Scientific) and exonuclease III (New England Biolabs) digestion, a common concentration of 3 U/mL was used to digest 2 nM Au-TDNNs samples in PBS. FAM fluorescence signals were monitored and recorded over a period of 3 h at 30 min intervals and at 37 °C.

Cell viability assay
--------------------

MCF-7 cells were cultured at an initial seeding density of 50,000 cells/cm^2^ in 96-well plates overnight in Dulbecco\'s modified Eagle\'s media (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS, Thermo Scientific) and 1% penicillin and streptomycin solution (PAA Laboratories Inc.). Thereafter, MCF-7 cells were treated with varying concentrations of Au-TDNNs. After incubation for 24 h, the culture medium was replaced and the cells were treated with Cell Counting Kit-8 for 4 h. Absorption was measured on a microplate reader at 450 nm.

Cellular uptake and cell imaging of Au-TDNNs
--------------------------------------------

The cells were cultured overnight at an initial seeding density of 50,000 cells/cm^2^ in DMEM (Gibco) supplemented with 10% FBS (Thermo Scientific) and 1% penicillin and streptomycin solution (PAA Laboratories Inc., USA) in confocal dishes, and cells were cultured under standard culture conditions. After incubation with 10 nM of Au-TDNNs, samples were subsequently retrieved and washed thrice with PBS, and fluorescence signals were measured with a Nikon A1\*R Laser Scanning Confocal Microscope (Japan) with excitation at 480 nm and emission at 520 nm.

Statistical analysis
--------------------

A Student\'s *t* test was used to analyze differences between groups. Differences were considered statistically significant with values of *P* \< 0.001.

Results and Discussion
======================

Principle of Au-TDNNs
---------------------

Au-TDNN consists of three main components: (ⅰ) a double-stranded probe, (ⅱ) Au-NPs, and (ⅲ) TDNs (Scheme [1](#SC1){ref-type="fig"}). The double-stranded probe recognition structure is based on a fluorophore-quencher pair. Expected detection probe1 (ExP1) is immobilized on Au-NPs through a Au-S bond, whereas the 3′FAM on expected detection probe2 (ExP2) lies close to Au-NPs by nucleic acid hybridization. The nanosensor was assembled as follows. First, thiolated ExP1 and thiolated S2 were anchored on the Au-NP surface with a Au-S bond. FAM-ExP2 and the remaining three single-stranded nucleic acids (S1, S3, and S4) were then hybridized with the nucleic acid-assembled Au-NPs. The target can hybridize with FAM-labeled ExP2, which separates FAM from Au-NPs to generate an intensive fluorescence signal. In the absence of a target, fluorescence signal was quenched through high FRET efficiency between FAM and Au-NPs.

Rational design of double-stranded detection probes
---------------------------------------------------

During design of the detection probes, miR-21 was selected as the target owing to its overexpression levels and biological significance [@B15], [@B40]. Exp was designed to hybridize spontaneously with the target at approximately thermodynamic equilibrium (ΔG^0^ ≈ 0) [@B28]. As a contrast probe to ExP, the ordinary detection probe (OrP) was designed to maintain the Gibbs free energy change ΔG^0^ of the OrP2 hybridized with target less than that hybridized with OrP1 (Table [S1](#SM0){ref-type="supplementary-material"}). Gibbs free energy (∆G^0^) of the reaction was calculated by ∆G^0^ = -RTln(K~eq~), where T refers to the Kelvin temperature, R is the gas constant, and K~eq~ is the equilibrium constant. The rate constant of the toehold exchange reaction was 1×10^6^ M^-1^s^-1^ in the presence of a 7 nt toehold [@B41]. Table [S1](#SM0){ref-type="supplementary-material"} summarizes the observed thermodynamic parameters. Figure [S1](#SM0){ref-type="supplementary-material"} shows the working principle of ExP and OrP for the single-base mutation target and wild-type target during detection. The oligonucleotide sequences of TDN were newly designed to avoid nonspecific hybridization with detection probes and all the oligonucleotide sequences are provided in [Supplementary Material](#SM0){ref-type="supplementary-material"}.

Specificity evaluation of the double-stranded detection probe
-------------------------------------------------------------

To illustrate the specificity of ExP and OrP, we tested the proximal, middle, and distal mismatch single-base mutation target and wild-type target (Figure [S1](#SM0){ref-type="supplementary-material"}). Figures [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B show the kinetic curves of the strand displacement reaction on ExP and OrP, respectively. We observed that the rates of strand displacement reaction of OrP and ExP were nearly the same when detecting target, although their double-chain products feature different complementary base numbers. We attributed this result to the two types of detection probes, which exhibited the same green toehold base number. When background signal was eliminated, ExP became more sensitive to single-base mutation target and wild-type target (Figure [1](#F1){ref-type="fig"}C). Specificity of the two types of detection probe was evaluated by calculating DF (DF = ∆F~target~/∆F~target\ analogue~), as shown in Figure [1](#F1){ref-type="fig"}D. ExP exhibited better single-base mutation identification ability than OrP regardless of whether the mutation base existed in the middle, distal, or proximal site of the target. Proximal mismatch DF of ExP reached 13.6, which was higher than that of OrP (*P* \< 0.001).

Structural characterization of Au-TDNNs
---------------------------------------

Formation of TDNs was validated by PAGE (Figure [2](#F2){ref-type="fig"}A). TEM was used to characterize the morphology of Au-NPs (Figure [2](#F2){ref-type="fig"}E) and Au-TDNNs (Figure [2](#F2){ref-type="fig"}F). TEM images indicated that Au-NPs were spherical and homogeneously-dispersed. After conjugating TDNs onto the Au-NP surface, a thin and noncrystalline layer could be observed in the high-resolution TEM image (Figure [2](#F2){ref-type="fig"}G). Immobilization of nucleic acids on the Au-NP surface was validated by UV-vis absorption spectroscopy and zeta potential analysis. UV-vis absorption spectra showed that the plasmon absorption peak of pristine Au-NPs red shifted by approximately 2 nm upon functionalization with nucleic acids (Figure [1](#F1){ref-type="fig"}E). Zeta potential analysis revealed that the surface zeta potential varied from 0.04 mV for pristine Au-NPs to -40.4 mV for Au-TDNNs (Figure [1](#F1){ref-type="fig"}F). DLS measurement revealed mean hydrodynamic diameters of 20 nm for Au-NPs (Figure [2](#F2){ref-type="fig"}B) and 54 nm for Au-TDNNs and Au\@TDNs (Figure [2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}D, respectively). Au\@TDNs structures were assumed spherical. The mean hydrodynamic diameter of TDNs can be calculated by D~TDN~ = (D~Au\@TDNs~ - D~Au-NPs~)/2, where D~TDN~ represents the mean hydrodynamic diameter of TDNs, D~Au\@TDNs~ corresponds to the mean hydrodynamic diameter of Au\@TDNs, and D~Au-NPs~ denotes the mean hydrodynamic diameter of Au-NPs. Mean hydrodynamic diameter of TDNs was calculated to be 17 nm. By comparing the hydrodynamic diameters of Au\@TDNs and Au-TDNNs, we can infer that hydrodynamic diameter of the nanoprobes measured less than that of TDNs. These results indicated the successful assembly of nucleic acids on the Au-NP surface. Stability of Au-TDNNs was also tested in both PBS and culture medium (Figure [1](#F1){ref-type="fig"}E). The stability experiment used saline-sodium citrate (SSC) hybridization solution. The fabricated Au-TDNNs can maintain their stability in SSC hybridization solution, PBS, and DMEM (10% FBS) after incubation for 12 h in the dark at room temperature. The small red shifts of the plasmon absorption peak of Au-TDNNs in DMEM may be induced by other substances in DMEM (10% FBS).

Feasibility analysis of the Au-TDNNs
------------------------------------

Dabcyl-labeled ExP1 and FAM-labeled ExP2 were used to verify the feasibility of the toehold-mediated strand displacement reaction. As shown in Figure [S2](#SM0){ref-type="supplementary-material"}, after Dabcyl-labeled ExP1 solution was added to FAM-labeled ExP2 solution, fluorescence signal gradually decreased, indicating that the reaction of step (1) had been accomplished. When target was added to the solution, fluorescence signal gradually recovered, suggesting that the reaction of step (2) had been accomplished. Afterward, Dabcyl-labeled ExP1 was replaced with Au-NPs\@ExP1, as shown by the inset in Figure [3](#F3){ref-type="fig"}A. A growing fluorescence signal could be observed after the target was hybridized with the as-prepared double-stranded detection probe. Extremely weak fluorescence signals were observed in detection of buffers, Au-NPs, probes, target and miR-200b, and two or three combinations of these components. On the other hand, fluorescence signal was significantly high (*P* \< 0.001) in the presence of Au-TDNNs or Au-NPs\@ExP1P2 with target (Figure [3](#F3){ref-type="fig"}A). These findings imply that TDNs caused no significant interference with the assembly of detection probe on Au-NPs. These results also demonstrate that the fabricated Au-TDNNs can be used for target detection.

Analytical performance evaluation of the established nanosensors
----------------------------------------------------------------

The results in Figure [3](#F3){ref-type="fig"}B reveal the excellent FRET signal changes for different concentrations of target. These changes suggest that fluorescence intensity depended on the concentration of target. To realize resource conservation and environmental protection, the used Au-TDNNs were recycled for detecting target. Au-TDNNs showed good repeatability through a six-repeatability experiment (Figure [S4](#SM0){ref-type="supplementary-material"}). We also calculated the mean number of FAM-ExP2 on each Au-NP. Approximately 84 FAM-ExP2 were combined on each Au-NP according to the final concentration of Au-NPs and the calibration curve of FAM-ExP2 (Figure [S5](#SM0){ref-type="supplementary-material"}). Au-NP concentration was calculated by using a previously reported method [@B42].

The ability of Au-NPs\@ExP1P2 to distinguish point mutations of the target and target analogs was evaluated by calculating the DF. DNA strands including 18 deletion, 18 insertion, and 18 mismatch of the target, miR-200b, let-7d, and target were tested by Au-NPs\@ExP1P2 and the control group (Au-NPs\@OrP1P2). Figure [3](#F3){ref-type="fig"}C displays the corresponding DFs observed. The calculated DF of Au-NPs\@ExP1P2 ranged from 10.1 to 19.6, with a median of 15.1. The median DF produced by Au-NPs\@OrP1P2 totaled 6.9. The calculated DFs of Au-NPs\@ExP1P2 for the single-base mismatch target was 15.4, whereas that of Au-NPs\@OrP1P2 only reached 2.4, suggesting that Au-NPs\@ExP1P2 possessed an excellent ability for distinguish point mutations. Although various methods, such as hybridization near the melting temperature, chemical denaturation, and specific recognition by DNAzyme, have been developed for recognizing single-base mutations, none of these methods is applicable for specific intracellular sensing. By contrast, the proposed ExP, owing to its natural characteristics, offers an unprecedented potential for high-specificity intracellular sensing at room temperature without the aid of external conditions. Thus, in the experiment, we assembled ExP on Au-NPs to fabricate Au-TDNNs.

Detection of miR-21 in total RNA extraction solution of MCF-7 cells
-------------------------------------------------------------------

Au-TDNNs were used to measure miR-21 in 1.45 ng/mL of total RNA extraction solution of MCF-7 cells (Figure [3](#F3){ref-type="fig"}D). Negligible fluorescence was detected in the presence of total RNA extraction solution, double-stranded detection probe, and Au-TDNNs alone. By contrast, the Au-TDNNs generated a significantly increased fluorescence signal when incubated with 1 μL of total RNA extraction solution, suggesting that Au-TDNNs can detect miR-21 without any reverse transcription reaction, a condition that bears importance for any real-time intracellular miRNA detection.

Au-TDNNs displayed negligible cytotoxicity and exerted almost no effect on cell viability despite increasing the dose by up to six times (Figure [S6](#SM0){ref-type="supplementary-material"}). These results provide a solid foundation for real-time miR-21 detection in live cells.

Enzymatic resistance of phosphorothioate-modified Au-TDNNs
----------------------------------------------------------

To avoid false-positive signals in live cell sensing, probes should be insensitive to both extracellular and intracellular degradation. Two phosphorothioate-modified Au-TDNNs were treated with 3 U/mL of DNase I and Exo III. One was modified with phosphorothioate in the overall detection probe skeleton (overall modified Au-TDNNs), and the other was modified with phosphorothioate in the bare terminal base of the detection probe (terminal modified Au-TDNNs). Figures [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}D show the fluorescence time curves depicting the detection probe degradation induced by DNase I and Exo III. The terminal modified Au-TDNNs were degraded by DNase I, as exemplified by the gradual increase in FAM signal with increasing incubation time (Figure [4](#F4){ref-type="fig"}A, red curve). Fluorescence signal plateaued at 150 min, corresponding to an approximately eightfold increase. By contrast, DNase I treatment caused no significant fluorescence enhancement in the overall modified Au-TDNNs (Figure [4](#F4){ref-type="fig"}B, red curve), suggesting that the overall-modified Au-TDNNs were insensitive to DNase I and can prevent the nonspecific signals produced by intracellular nuclease activity.

When the two groups were treated with Exo III, the terminal modified Au-TDNNs developed susceptibility to Exo III attack (Figure [4](#F4){ref-type="fig"}C, pink curve). However, the overall modified Au-TDNNs (Figure [4](#F4){ref-type="fig"}D, pink curve) were only slightly susceptible to Exo III attack. Thus, we used the overall modified Au-TDNNs to detect miR-21 in live cells.

Cellular uptake of Au-TDNNs and live cell miR-21 sensing
--------------------------------------------------------

Biological TEM was used to verify cellular uptake of Au-TDNNs (Figure [5](#F5){ref-type="fig"}). As shown in Figure [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}B, Au-TDNNs displayed good dispersibility in MCF-7 cells. Figure [5](#F5){ref-type="fig"}C and [5](#F5){ref-type="fig"}D show that Au-TDNNs were mainly dispersed in the cytoplasm.

We also monitored the uptake efficiency and dynamics of Au-TDNNs in live cells. TDNs on Au-TDNNs were designed to carry nanosensors into live cells. As the control group, Au-NPs\@ExP1P2 was designed without TDNs. Confocal images of the two groups of sensors were captured at different incubation times. In the presence of intracellular miR-21, the green fluorescent signal produced by Au-TDNNs steadily increased, and the strongest fluorescence intensity was obtained at 1.5 h (Figure [6](#F6){ref-type="fig"}A), beyond which fluorescence intensity decreased. In the control group, the green fluorescent signal similarly increased with increasing incubation time (Figure [6](#F6){ref-type="fig"}B), and the strongest fluorescence intensity was obtained at 2.5 h. These results suggest that although Au-NPs\@ExP1P2 can penetrate MCF-7 cells, attachment of TDNs to the nanosensors significantly enhanced cellular internalization and reduced incubation time.

The feasibility of the proposed strategy was further investigated in hepatocytes cancer cells (HepG2). To improve the accuracy of live cell sensing, the 3\'FAM-labeled ExP2 was replaced with the 3\'Cy5- and 5\'FAM-labeled ExP2. Red fluorescence of 3\'Cy5 can be quenched by Au-NPs in Au-TDNNs, whereas 5\'FAM can release green fluorescence. In the presence of miR-21, ExP2 is separated from Au-NPs, and both FAM and Cy5 can release fluorescence. Green fluorescence can locate Au-TDNNs, whereas red fluorescence can locate miR-21 in live cells. Figure [7](#F7){ref-type="fig"} presents the confocal images of improved Au-TDNNs in HepG2 cells. As shown in the figure, strong FRET signal (red fluorescence) was observed for miR-21 in HepG2 cells. The result was consistent with PCR results obtained in previous reports [@B43],[@B44].

Conclusion
==========

In conclusion, a facile and specific method for miR-21 detection in live cells by Au-TDNNs was developed based on FRET. We proved the chemosynthesis of Au-TDNNs through multistep characterization and calculation. These nanosensors displayed good ability to avoid enzymatic degradation, which can minimize false-positive signals when applied in live cells. This method can rapidly detect miR-21 in MCF-7 cells in 1.5 h. The feasibility of the proposed method was also confirmed in HepG2 cells. Considering these remarkable advantages, we believe that Au-TDNNs will provide new directions for specific detection of DNA or RNA in cell imaging. Combined with PCR, loop-mediated isothermal PCR, or isothermal amplification, the rationally designed detection probes feature the potential for high-specificity detection of DNA or RNA in clinical specimens, such as plasma, urine, and tissue blocks.
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![Working principle of Au-TDNNs for miR-21 detection and the structure of Au-TDNNs.](thnov08p2424g001){#SC1}

![(A, B) Fluorescence kinetic curves of mutation base in the middle, distal or proximal site of the target and target detection by ExP and OrP, respectively. (C) Relative fluorescence intensity of the ExP and OrP in detecting single-base mutation target and wild-type target. (D) Corresponding discrimination factors (DFs) of ExP and OrP. (E) UV-vis characterization of the stability of Au-TDNNs in SSC, PBS and DMEM (10% FBS). (F) Zeta potential analysis of the step-by-step assembly of the Au-TDNNs. RFI: relative fluorescence intensity. DF = ∆F~target~/∆F~target\ analogue~ (∆F = F-F~0~, F~0~: background signal.). \**P* \< 0.001.](thnov08p2424g002){#F1}

![Structural characterization of Au-TDNNs. (A) PAGE analysis shows reduced electrophoretic mobility with the step-by-step assembly of TDNs. (B-D) DLS measurement reveals mean hydrodynamic diameters of 20 ± 3 nm for Au-NPs, and 54 ± 3 nm for Au\@TDNs and Au-TDNNs, respectively. (E, F) TEM of Au-NPs and Au-TDNNs. Scale bars = 100 nm. (G) High-resolution TEM of Au\@TDNs. Scale bar = 10 nm. Insets in (E-G) are the corresponding photos taken by a cell phone.](thnov08p2424g003){#F2}

![(A) Feasibility of Au-TDNNs was validated by measuring the fluorescence enhancement on hybridizing with target, miR-200b and combination of different components. (B) Relative fluorescence intensity of Au-TDNNs after hybridization with different concentrations of target. Target concentrations were from 1 nM to 100 nM and the fluorescence was collected at 520 nm. (C) The ability of Au-NPs\@ExP1P2 and Au-NPs\@OrP1P2 to distinguish point mutation target and target analogs were evaluated by DF. (D) MiR-21 detection in MCF-7 cell-derived total RNA samples. \**P* \< 0.001.](thnov08p2424g004){#F3}

![Enzymatic resistance of phosphorothioate-modified Au-TDNNs. (A, B) Fluorescence time graph depicting terminal-modified Au-TDNN and overall-modified Au-TDNN degradation by DNase I. (C, D) Fluorescence time graph depicting terminal-modified Au-TDNN and overall-modified Au-TDNN degradation by Exo III.](thnov08p2424g005){#F4}

![Bio-TEM images of the cell uptake of Au-TDNNs in MCF-7 cells. The blue arrows point to the nucleuses and the red arrows point to Au-TDNNs. (A-C) The uptake of Au-TDNNs in the same perspective, (A, B) Enlarged view of (C). (D) The uptake of Au-TDNNs in the other perspective.](thnov08p2424g006){#F5}

![(A) Confocal images of MCF-7 cells with Au-TDNNs at different incubation times. (B) Confocal images of MCF-7 cells with Au-NPs\@ExP1P2 at different incubation times. Scale bars = 50 µm.](thnov08p2424g007){#F6}

![Confocal images of HepG2 cells with improved Au-TDNNs. The incubation time was 1.5 h. Scale bars = 50 µm](thnov08p2424g008){#F7}
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